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Alloys in the pseudobinary series CeNi, ,Co,sn (x= 0 —0.5) have been investigated using a wide variety of
experimental techniques. The gap in the electronic density of states, found in the Kondo compound CeNiSn at
low temperatures, was found to decrease rapidly with Co concentration. The temperature dependence of the

susceptibility shows a dramatic change with Co concentration. In alloys with 0~x~0.34, X(T) has a form
which shows an increasing trend towards intermediate valence behavior with increasing x: for x=0.34 X(T)
exhibits a broad maximum at 95 K. For x in the range 0.35—0.4 the susceptibility exhibits a sharp drop at

temperatures between 40 and 75 K (dependent on composition). The unit-cell volume for the x=0.38 alloy,

measured by neutron diffraction and linear thermal expansion, shows a 0.3% contraction, and the volume and

anisotropic magnetostrictions exhibit large anomalies at the same temperature. We attribute these anomalies to
a first-order valence phase transition. Inelastic-neutron-scattering measurements on the x = 0.38 alloy above the

phase transition temperature T, show a quasielastic line and two crystal-field excitations at 26 and 42 meV,

while below T, the quasielastic peak disappears, and a gap opens up the response, extending up to 20 meV.

This type of response is characteristic of intermediate valence systems. All the measurements are consistent
with a first-order valence transition, like that observed in the compound YbInCu4.

I. INTRODUCTION

Among anomalous rare-earth materials displaying inter-
mediate valence or heavy-fermion behavior only a few com-
pounds such as SmB6, SmS, TmSe, and YbB&2 have insulat-

ing ground states with a small energy gap at the Fermi
level. ' Recently this phenomenon has been discovered for
the first time in a number of cerium compounds, in particular
CeNiSn, Ce3Pt3Bi4, and CeRhSb. It is thought to arise
when the Fermi energy lies in the hybridization gap which
forms in the electronic density of states at low temperatures,
as the system falls into its coherent Fermi-liquid ground
state. The gap formation shows up as a rapid rise in the
resistivity at low temperatures. This cannot be attributed to
simple band-structure effects since the related La, Pr, or Nd
compounds show normal metallic behavior down to low
temperatures. Compounds of this type are called "Kondo
insulators. " Magnetic susceptibility and inelastic-neutron-
scattering measurements show that the Ce-based Kondo in-
sulators are intermediate valence materials. X-ray-absorption
measurements on Ce3Pt3Bi4 over the temperature range
10—300 K show that the Ce valence varies slowly with
temperature: this also is typical of rare-earth compounds
displaying intermediate valence behavior.

The work presented here developed out of a systematic
study to investigate the effects of chemical pressure, lattice
coherence, and hybridization on either the stability of the
energy gap at EF or the valence state of the Ce ions in the
Kondo insulator compounds CeNiSn and CeRhSb. In our

previous work we have shown that the lattice coherence
plays an important role for the stability of the gap rather than
the chemical pressure. ' lt was observed that negative chemi-
cal pressure (e.g. , the substitution of La on the Ce site) and
positive chemical pressure (e.g. , substitution of Y on the Ce
site) have similar effects on the stability of the gap. In order
to investigate the effects of hybridization on the stability of
the gap and the valence state of Ce ions in CeNiSn, without
disturbing the lattice coherence of the Ce ions, we have stud-
ied alloys in the series CeNi, ,Co,Sn (x=0 to 0.5). In a
previous paper,

" we reported a dramatic behavior of the
magnetic susceptibility of CeNii Co Sn alloys as a func-
tion of Co concentration. In continuation of our investiga-
tions on CeNi& Co Sn alloys, we present here our results of
x-ray diffraction, neutron diffraction, magnetic susceptibility,
electrical resistivity, linear thermal expansion, volume, and
anisotropic magnetostriction (in fields up to 12 T), and
inelastic-neutron-scattering measurements on these alloys.
We have found that the transport gap decreases rapidly, and
the Ce ion becomes increasingly mixed valent with initial Co
content. In the concentration range x=0.35—0.4, all mea-
surements show highly anomalous behavior in the tempera-
ture range between 40 and 80 K (depending on concentra-
tion). This behavior is very reminiscent of a first-order
valence transition, like that found in the compound
YbInCu4. ' There are only few systems where sharp first-
order valence phase transition occurs as a function of tem-
perature at ambient pressure, viz. , the y-u phase transition in
cerium metal, YbInCu4, and Sm& R S.' ' The valence
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phase transition is accompanied by a marked drop in mag-
netic susceptibility and electrical resistivity, anomalies in the
thermal expansion and abrupt changes in the unit-cell vol-
ume, while maintaining the same crystal syrrunetry. Besides
the y-n phase transition in Ce metal, the present alloy series
CeNit Co,Sn (x=0.35—0.4) is the only other Ce-based
system, so far discovered, to exhibit this remarkable behav-
ior.

II. EXPERIMENT
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Polycrystalline samples of CeNi, Co Sn (x = 0—0.5)
were synthesized by arc melting the constituent elements,
with purities better than 99.9%, under a high-purity argon
atmosphere. The phase purity of the samples was checked
using x-ray and neutron powder diffraction. Electrical resis-
tivity measurements were carried out using the standard four
probe dc technique. Magnetic susceptibility measurements
were made using a vibrational sample magnetometer. Linear
thermal expansion and magnetostriction, measured in pulsed
and steady fields up to 12 T, were carried out using the strain
gauge technique, using four arm bridges. For the magneto-
striction measurements unwanted signals were subtracted us-
ing a dummy gauge mounted on silica. Neutron-scattering
measurements were carried out at the ISIS pulsed neutron
facility at the Rutherford Appleton Laboratories, U.K., using
the HRPD diffractometer and the HET time-of-Aight chopper
spectrometer.

III. RESULTS AND DISCUSSION

A. X-ray and neutron diffraction

Our analysis of powder x-ray-diffraction and neutron-
diffraction data at 300 K on the CeNi& Co Sn alloy series
revealed that all the samples crystallize in the orthorhombic
TiNiSi-type structure, and were single phase, except for the
x=0.5 sample, which showed the presence of a small
amount of a second phase. Our attempt to synthesize
CeCoSn was not successful. The lattice parameters a, b in-
crease gradually with increasing Co concentration x, while
the c parameter decreases with x. The values of a and c are
almost equal for the Co concentration near x=0.34, while
for x&0.34 the value of a is greater than c. At room tem-
perature the unit-cell volume V, remains almost constant
with x, viz. , V, =264.406 A for x=O and 264.386 A for
x = 0.4.

B. Resistivity

In order to estimate the transport gap for the
CeNii Co Sn alloy series, we measured the temperature
dependence of the resistivity between 4.2 and 300 K. The
results are shown in Fig. 1(a); the data were measured while
heating the samples from the lowest temperature. A rise in
the resistivity at low temperatures is evident for CeNiSn and
the alloy with x =0.15, which we attribute to the gap forma-
tion in the electronic density of states at EF . The value of
gap energy 5 estimated using an activated-type behavior,
p-exp(A/T), is 3 K for CeNiSn and 1.1 K for the
x=0.15 alloy. No gap-type behavior in the resistivity was
observed for alloys with Co concentration x~0.25 between
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FIG. 1. Resistivity of CeNi, Co Sn (x = 0 —0.5) and

LaNio6&Coos&Sn alloys as a function of ln(T).

4.2 and 300 K. In the high-temperature regime above 120 K,
all the alloys exhibit a ln(T) dependence arising from single-
ion Kondo behavior. There is a maximum somewhat below
100 K, followed by a drop in the resistivity, attributed to the
onset of coherence (for CeNiSn this onset of coherence is
masked by the opening of the energy gap at FF in the low-
temperature regime). At higher Co concentrations, x= 0.35,
the resistivity exhibits a sharp drop on cooling, and hyster-
esis on subsequent heating [Fig. 1(b)]. The resistivity behav-
ior for the x=0.35 alloy was the first indication of a first-
order valence transition in this alloy. The hysteresis, which
leads to a higher room-temperature resistivity after a
cooling-heating cycle, is attributed to the opening of micro-
cracks as a result of a first-order volume change (see below).
The resistivity of the LaNio 65Coo 35Sn alloy, which also crys-
tallized in the TiNiSi-type structure, exhibits normal metallic
behavior between 4.2 and 300 K [Fig. 1(b)]. The resistivity
of CeNi& Co Sn with x=0.38 also exhibited an anomalous
behavior below 50 K, but the data were not reproducible, due
to the large degree of microcracking developed during ther-
mal cycling; therefore these results are not presented here.

C. Magnetic susceptibility

Figure 2 shows the magnetic susceptibility of
CeNi, Co Sn alloys (x=O —0.5) as a function of tempera-
ture between 1.8 and 300 K, measured in applied fields be-
tween 0.2 and 0.5 T. The data were collected with increasing
temperature. The temperature dependence of the susceptibil-
Ity is seen to change dramatically as a function of Co con-
centration. The susceptibility of CeNiSn displays Curie-
Weiss (CW) behavior between 50 and 300 K with an
effective magnetic moment, p, ,ff= 2.92p, z and paramagnetic
Curie temperature 0~= —196 K. There is a strong deviation
from Curie-Weiss behavior below 50 K. The large negative
paramagnetic Curie temperature does not indicate strong an-
tiferromagnetic interactions, but rather crystal-field anisot-
ropy: the susceptibility of single-crystal samples of CeNiSn
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to vary in the fitting process. There was no significant differ-
ence in the values of y and the fitted profiles looked iden-
tical. We conclude that, despite the rather large differences in
neutron-scattering length between Co and Ni, the data are
not sensitive to preferential occupancy of the transition-metal
sites.

E. Thermal expansion

Figure 7 shows the linear thermal expansion (LTE)
for CeNit Co,Sn (x=0.15, 0.32, and 0.38) and
LaNi06gCop3gSn alloys as a function of temperature. The
LTE for the alloy with Co concentration x=0.38, decreases
with temperature from 300 K and exhibits a large, abrupt
jump at the valence phase transition, with a volume strain
AU/V=0. 36%, in agreement with the volume change ob-
served through the lattice parameters measurements (Fig. 5).
The thermal variation of the LTE and the unit-cell volume
are very similar. The sharpness of the transition, along with
the thermal hysteresis (AT= 17 K) observed in cooling and
heating, further support the first-order nature of the valence
transition. The LTE for the x = 0.32 Co alloy exhibits a linear
behavior with temperature between 300 and 80 K. Below 80
K the LTE increases with decreasing temperature, indicating
expansion of the lattice. This behavior is unusual for inter-
mediate valence systems, although it has been observed in
the fluctuating valence alloys Sm&,R S.' For the alloy
with Co concentration x = 0.15 the anomalous increase in the
LTE at low temperatures disappears, the variation being
similar to the LTE observed for the LaNi065Co035Sn alloy
(Fig. 7). It is to be noted that the thermal expansion measure-
ments made on a second batch of CeNio 62Coo 38Sn alloy pre-
pared by a similar method, which exhibited a susceptibility
behavior identical to that reported here, showed an extremely
large jump in the volume strain AU/V=2. 5' at T, , while
above T, the LTE decreased with increasing temperature.
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a function of temperature.



12 794 D. T. ADROJA et al. 52

4.5 500

400—

300—

200

150

1.5

0.5.

0 100 200 300
TEMPERATURE (K)

FIG. 7. Linear thermal expansion of CeNi, ,Co, Sn (x=0.15,
0.32, and 0.38) and LaNio65Coo35Sn alloys a function of tempera-
ture.

The overall temperature dependence of the LTE for this alloy
is similar to that observed for b the axis in neutron-
diffraction measurements (Fig. 4). The origin of this behav-
ior may result from strongly preferred orientation in this
sample.

400 600

F. Magnetostriction

Magnetostriction measurements were made on

CeNip62Cop 38Sn in fields up to 12 T, using a superconduct-
ing solenoid, for both parallel (X~~) and perpendicular (X~)
geometry, across the temperature range 5—100 K. The tech-
nique allowed X~~ and X& to be measured simultaneously via
two strain gauges mounted on the sample, parallel and per-
pendicular to the applied magnetic field. The thermal expan-
sion was also measured with the same arrangement. In Figs.
8 and 9, we show X~~ and X~ measured at the highest field (12
T) together with the linear thermal expansion coefficient
n=(llL) (ALIT T) Both X~~ and X„. have peaks near 32.5
K, at the same temperature as the peak in the thermal expan-
sion. Isotherms of X~~ and k~ with increasing and decreasing
field are shown in Fig. 10, at a temperature of 32.5 K. A large
hysteresis is observed, confirming that the field-induced tran-
sition has first-order character. The different values X~~ and

at the maximum field may be due to the presence of
microcracks within the part of the sample in contact with the
active region of the strain gauges. The magnetostriction of
another CeNip62Cop38Sn sample was measured previously
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FIG. 9. Perpendicular magnetostriction (k~) at 12 T and ther-

mal expansion coefficient of CeNi062Coo 38Sn, as a function of tem-

perature.
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with pulsed magnetic fields. ' These measurements gave the
same maximum value for X~I and X~ at the peak, but, rather
surprisingly, the peaks in k~~ and X~ occurred at different
temperatures, 27 and 45 K, respectively. %e note here that
the pulsed field method did not allow X~~ and X& to be mea-
sured simultaneously, so it is likely that the difference in the
peak temperatures arose from the temperature cycling of the
sample through the first-order transition. The magnetostric-
tion of the alloy LaNip65Cop35Sn was also measured for
comparison: this showed no anomaly and had a small mag-
nitude, below 100 microstrains, confirming that the effects in
the cerium alloy are related to the properties of the cerium
ion, and not to the Co(Ni) transition-metal atoms. We at-

tribute the large anomaly in the cerium alloy to the volume
difference between the low-temperature and high-
temperature states, In the vicinity of the transition tempera-
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FIG. 8. Parallel magnetostriction (X~~) and thermal expansion
coefficient of CeNio62Co038Sn as a function of temperature.

FIG. 10. Parallel (X~~) and perpendicular (k~) magnetostriction
of CeNio 62Coo 38Sn as a function of field at 32.5 K.
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FIG. 11. Inelastic-neutron-scattering spectra from the alloy
CeNip 62Cop 3gSn at 55 and 15 K with incident energy E; =35 meV;
the histogram represents the phonon contribution, estimated by
scaling spectra from a high-angle detector bank.

ture a 12-T field is able to transform part of the sample from
the low-volume state to the more magnetic high-volume
state. Below the transition temperature, it should be possible
to transform the sample completely with a large enough
magnetic field. This has been shown already for
YbInCu4.

G. Inelastic neutron scattering

Inelastic-neutron-scattering measurements were carried
out on the CeNi062Coo38Sn alloy, using the HET chopper
spectrometer at ISIS, with the aim of studying the dynamical
magnetic response through the first-order valence transition.
Spectra were collected with incident neutron energies (E;) of
35 and 60 meV at temperatures of 15 and 55 K. The data are
shown in Fig. 11 (E;=35 meV) and Fig. 12 (E;= 60 meV).
Estimates of the phonon scattering are plotted as histograms
in these figures. These estimates were obtained by scaling the
spectra from the high-angle (118') detector bank. At high
scattering angles the magnetic form factor has dropped to a
very low value and the magnetic contribution to the scatter-
ing is negligible. The scaling factor was obtained by using
the ratio of intensities in the high- and low-angle detector
banks from measurements (Fig. 15) on the isostructural alloy
LaNi065Co035Sn, using the method outlined in the Appendix.
Figures 13 and 14 show the difference spectra (total scatter-
ing minus phonon scattering), representing the magnetic re-
sponse above and below the valence transition for incident
neutron energies of 35 and 60 meV, respectively. It is clear
that the form of the magnetic scattering is quite different
above and below the valence transition. At 55 K the mag-
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FIG. 12. Inelastic-neutron-scattering spectra from the alloy
CeNip 6pCop 38Sn at 55 and 15 K with incident energy E; = 60 meV;
the histogram represents the phonon contribution, estimated by
scaling spectra from a high-angle detector bank.
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FIG. 13. Magnetic scattering (total scattering minus phonon) for
CeNip62Cop35Sn at 55 and 15 K for incident energy 35 meV; the
solid line represents the fit (see text).
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where u = cu/coo and u= sin(m(n&)/K}. Here Idll represents the
characteristic Kondo energy, (n&) the occupancy of the 4f
level and /I/ the degeneracy of the 4f state. The fitted param-
eters were coo=26.5 meV and +=0.29. It can be seen that
there is very little difference between the KMH spectral
function and an inelastic Lorentzian line shape. In neither
case does the line shape give a clear gap in the response, as
the data appear to require. The value of coo implies a Kondo
temperature of order 300 K. If we assume (n&) = 1 the value
of n corresponds to a degeneracy N of 10.6, which lies be-
tween that of the Hund's rule ground state (Ar=6) and the
full degeneracy (N= 14) expected for a 4f' state (i.e., ne-
glecting spin-orbit coupling). It is not clear that this is physi-
cally meaningful, since the KHM theory is only established
in the single-impurity case.

IV. CONCLUSIONS

FIG. 14. Magnetic scattering (total scattering minus phonon) for
CeNip 62Cop 38Sn at 55 and 15 K for incident energy 60 meV; the
solid line represents the fit (see text).

netic signal consists of a quasielastic response centered at
zero energy transfer and two broadened inelastic peaks cen-
tered near 26 and 42 meV. This form of the scattering is
consistent with the response expected from trivalent cerium,
in which the J= —, multiplet has been split into three doublets

by the crystal field. The quasielastic response arises from
scattering within the doublets, while the inelastic peaks are
attributed to two unresolved crystal-held excitations, broad-
ened by spin-lattice relaxation (dominantly the 4f
conduction electron interaction) and also by the site disorder.
Below the valence transition, at 15 K, both the quasielastic
peak and the crystal-field excitations disappear, leaving a
broad inelastic response, with an energy gap extending up to
15 meV. This is characteristic of the response found in inter-

mediate valence materials, such as YbA13, and the low-
volume state of YbInCu4. ' Indeed the overall behavior of
the inelastic neutron scattering is very similar to that found
in YbInCu4, ' where at high temperatures broadened crystal-
field excitations are found, while below the first-order va-
lence transition the response appears as a broad inelastic
peak centered on 40 meV, with a gap of order 20 meV. The
magnetic spectra at 55 K were fitted to a line-shape profile
consisting of a quasielastic Lorentzian curve, plus two in-

elastic Lorentzians (solid lines, Figs. 13 and 14). The fitted
quasielastic linewidth was I /2 = 2.2~ 0.2 meV, while the in-
elastic peaks were centered at 26.5 and 42. 1 meV, with
linewidths of 7.3 meV. The inelastic response at 15 K was
fitted to an inelastic Lorentzian curve (dashed line in Fig. 14)
and also to the Kuramoto-Muller-Hartmann (KMH) spectral
function (solid line in Fig. 14). The latter takes the form

The alloys series CeNi& Co Sn has been investigated by
six different experimental techniques, all of which confirm
that in the Co concentration range x=0.35 —0.40 there is a
first-order valence phase transition at temperatures between
40 and 80 K (depending on concentration), from a high tem-
perature, nearly trivalent, state to a low-temperature interme-
diate valence state of the cerium ions. The alloys with Co
concentration x = 0.15—0.34 exhibit classical valence Auctua-
tion behavior, indicating strong hybridization between the 4f
electrons and the conduction electrons. Alloys with x greater
than 0.40 show a Curie-Weiss susceptibility, as expected for
Ce + ion in the presence of the crystalline electric field,
although the Curie constants are enhanced compared to the
value expected for trivalent cerium. The measurements we
have made so far cannot establish whether there is a small
moment on the Co(Ni) sites. Measurements of the local sus-
ceptibility at the Ce or Co(Ni) sites with a microscopic probe
[e.g. , time differential perturbed angular correlation
(TDPAC) for the ' Ce, Co NMR] would be useful to under-
stand fully the character of the magnetic moment as a func-
tion of either temperature or Co concentration. The valence
transition temperature and the temperature dependence of the
susceptibility depend strongly on the Co concentration,
which suggest in particular a large change in the electronic
density of state with Co concentration. Susceptibility mea-
sured in an applied field of 4 T shows that the valence tran-
sition is not sensitive to the magnetic field. We have ob-
served that, in alloys showing the first-order valence
transition, the parallel (}I. ) and perpendicular (}I.J ) magne-
tostriction exhibit peaks at T, . The change in character of
the inelastic neutron cross section through the valence tran-
sition is quite distinctive. Below T, a gap opens up in the
response, and all the spectral weight below about 15 meV
disappears. This change can clearly account for the drop in
the bulk susceptibility, though a detailed comparison has not
been attempted since the neutron data were not placed on an
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absolute scale. The parallels with the neutron-scattering data
for YbInCu4 are very clear.

It is not yet clear why the first-order valence transition
occurs in this particular alloy series in such a narrow range
of composition. In the Yb&,In Cu2 system the valence tran-
sition appears to be associated with chemical ordering
on the Yb/In sublattice, since the susceptibility anomalies
are clearest in well-annealed samples which are
ordered, as YbInCu4, into the C15b structure. ' ' ' For the
CeNi& Co,Sn system we note that the valence transition
occurs in a concentration range near Ce3Ni2CoSn3, that the
a and c lattice parameters are almost equal (pseudotetragonal
unit cell), and that two of the Ce-(Ni/Co) nearest-neighbor
bond lengths are shorter than the other four. However, profile
analysis of the neutron-diffraction patterns failed to give evi-
dence of ordering of the transition-metal atoms in a superlat-
tice structure. Further work in this area, e.g. , a single-crystal
neutron-diffraction study, would be useful.

APPENDIX: ESTIMATION
OF THE PHONON SCATTERING

IN THE INELASTIC-NEUTRON-SCATTERING DATA

S(Q, to) =A(to)+ B(to)Q, (Al)

where B(to) results from single-scattering processes, while

A(co) represents multiple-scattering processes, which are
found to be isotropic to a very good approximation. In the
present case we have used inelastic-neutron-scattering mea-
surements on the alloy LaNi065Coo35Sn as a way of check-
ing the predicted form in (Al), by scaling the normalized
high angle (large Q) data by a numerical factor and compar-
ing this with the scattering measured at low angles (small

Q). At large Q the single scattering B(co) term will domi-

Extensive Monte Carlo simulations by Osborn (private
communication) and ourselves have shown that the form of
the phonon scattering from a slab-shaped polycrystalline
sample takes the form

I ~ip ~,COo 3~S

'T =15K
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FIG. 15. Phonon scattering from LaNlp65Cop35Sn; symbols,
low-angle data; histogram, high-angle data scaled by a numerical
factor.

nate, while at small Q the phonon scattering is due entirely
to the multiple-scattering term A(co). The low-angle data
and scaled high-angle data are plotted together in Fig. 15,
where it can be seen that they superimpose almost perfectly.
Inelastic-neutron-scattering spectra of LaNio 65Cop 35Sn with
incident energy (E;) of 35 meV also show a scaling behavior
similar to that of 60 meV (figure not shown here). This
means that the energy dependence of A(co) and B(to) are

very similar. We now assume that the same is true for the
phonons in the CeNi062CO03gSn alloy: this is very likely,
since the only difference between the Ce and La alloys is the
small atomic mass difference between Ce and La. We have
used exactly the same numerical scaling factor which gives
the superposition in Fig. 15 to scale the high-angle data for
the Ce alloy, as a means of extrapolating the phonon scatter-
ing from large Q to small Q. The resulting spectra are shown
as histograms in Figs. 11 and 12.
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